Experimental observations are presented of a single surface-piercing column subject to a wide range of surface gravity waves. With the column diameter, D, chosen such that the flow lies within the draginertia regime, two types of high-frequency wave scattering are identified. The first is driven by the runup and wash-down on the surface of the column in the vicinity of the upstream and downstream stagnation points. The second concerns the circulation of fluid around the column, leading to the scattering of a pair of non-concentric wavefronts. The phasing of the wave cycle at which this second mode evolves is dependent upon the time taken for fluid to move around the column. This introduces an additional time-scale, explaining why existing diffraction solutions, based upon a harmonic analysis of the incident waves, cannot describe this scattered component. The interaction between the scattered waves and the next (steep) incident wave can produce a large amplification of the scattered waves, particularly the second type. Evidence is provided to show that these interactions can produce highly localized free-surface effects, including vertical jetting, with important implications for the setting of deck elevations, the occurrence of wave slamming and the development of large run-up velocities.
Motivation
In both deep-water offshore and shallow-water coastal locations, the design of a wide variety of marine structures is critically dependent upon the occurrence of large waves and their interaction with a proposed structure or vessel. This paper concerns the latter interaction. The motivation for this work first arose as a result of wave impact damage sustained on the underside of a large concrete gravity-based structure (GBS) located in the North Sea. In keeping with many structures of this kind the diameter of the columns is relatively large, D = 10 m in the vicinity of the still water level (SWL), but not sufficiently large that the structure lies within the linear diffraction regime. Given the serious threat posed by the occurrence of wave-in-deck loading, such structures are designed to maintain an effective air-gap; the latter specified to ensure that the crest of an incident wave does not enter the deck structure. In this particular example, the underside of the deck was located 26.5 m above SWL. Despite this provision, which is typical for many structures of this type, significant wave impact damage arose. This was unexpected and all the more surprising because it arose in a relatively mild storm; the significant wave height peaking at H s = 13.0 m, corresponding to a return period of only 5 years. Indeed, the only unusual feature of this storm concerned the abnormally large distribution of energy in the higher frequencies, implying steep individual waves. Taking account of all available data, an upper limit for the maximum crest elevation in the absence of the structure was estimated to be η max = 17 m. Although this is a very large wave, it is insufficient to account for the damage sustained at the platform.
Work to explain the large increase in the maximum water surface elevation ( η ≈ +8 m) has been on-going at Imperial College (and elsewhere) for several years. During this time, there have been several other instances of unexpected or unexplained loads on related structures. In providing a physical understanding of these events it has become clear that the wave-column interactions responsible have much wider implications, both for the type of structure on which they occur and the nature of the fluid loading produced. This paper will address these points, summarizing the advances made and emphasizing the practical importance.
Background
The propagation of surface water waves past a single, vertical, surface-piercing column has been the subject of sustained research. Traditionally, the interaction is thought to be dependent upon D/λ, where D is the column diameter and λ the incident wavelength. If the body is small, D/λ < 0.2, the flow lies within the drag-inertia regime and, depending on the Keulegan-Carpenter number (KC = UT/D, where U is the wave-induced velocity amplitude and T the wave period) the applied forcing is either dominated by viscous drag (KC ≥ 20), unsteady inertia (KC < 5) or some combination of the two (5 ≤ KC ≤ 20). Within this regime, the body is assumed to cause little or no disturbance of the incident wavefield (except for the occurrence of flow separation and the development of an unsteady wake) and the forcing is calculated using Morison's equation in which the water particle kinematics are based upon the incident wavefield, ignoring the presence of the body. Similarly, estimates of the maximum crest elevation, to assess over-topping rates or the provision of an effective air-gap, are also based upon the incident wavefield. By contrast, if the body is large (D/λ ≥ 0.2) the flow lies within the linear diffraction regime and a significant disturbance of the incident wavefield is expected. This disturbance takes the form of a radially propagating wavefield, the frequency of which is directly related to that of the incident waves. In this case, both the applied forces and the maximum crest elevation must include the effects of the scattered waves. At the boundary between these regimes (drag-inertia and linear diffraction), defined by low KC numbers, the inertia loading and (weak) wave scattering correspond to the long wavelength limit of linear diffraction.
Unfortunately, this simplistic view does not take into account the fact that the incident waves may be nonlinear, perhaps highly nonlinear, and that diffraction will be more complicated than that implied by a simple linear solution. Indeed, the purpose of this study was to examine whether there exists some intermediate flow regime in which little linear diffraction occurs but, with steep incident waves, alternative mechanisms lead to the unexpected scattering of nonlinear or highfrequency waves. Within such a regime, it is possible that the formal perturbation expansions, on which diffraction solutions typically rely, are unable to resolve the underlying physics. This will be particularly apparent if the incident waves are steep and the mechanisms responsible for the scattered waves introduce new time-scales that no longer relate to integer multiples of the incident wave frequency.
Earlier work concerning the scattering of waves from a surface-piercing column or columns can be summarized as follows. First, there has been a number of studies considering multiplecolumn structures. These include the studies of Swan et al. [1] , Ohl et al. [2, 3] , Stansberg et al. [4] , Stansberg & Kristiansen [5] and Walker et al. [6] . In all cases, these indicate significant departures from the classical diffraction solutions. However, in considering multiple columns, the occurrence of trapped wave modes and the possibility of their partial transmission becomes a complicating factor. Interestingly, Stansberg & Kristiansen [5] also consider a single column and show poor agreement with both linear and second-order diffraction solutions, particularly in steep incident waves.
In terms of the available diffraction solutions, these have become progressively more nonlinear; Chau & Eatock Taylor [7] presenting a second-order model, Melenica & Molin [8] a third-harmonic solution and, more recently, Molin et al. [9] further consideration of the thirdorder effects. Alongside this work, several fully nonlinear solutions have also been proposed: finite-element solutions provided by Ma et al. [10, 11] , Kim et al. [12] and Eatock Taylor et al. [13] ; and boundary element solutions by Bai & Eatock Taylor [14] and Zhou et al. [15] . While these solutions are undoubtedly important, several cases highlighting the importance of nonlinear effects, the focus of this paper lies in a physical explanation for the occurrence of unexpected high-frequency wave scattering, a clear explanation as to why low-order diffraction solutions are inappropriate and, perhaps most importantly, a description as to why these effects are potentially very important in the context of offshore engineering.
Experimental observations (a) Test facilities
The experimental observations presented herein were conducted in a large wave flume having a width of 2.8 m, a length of 65 m and a water depth of d = 1.2 m; the latter ensuring that all wave components were effectively propagating in deep water. The waves were generated by flatbacked bottom hinged wave makers, capable of producing unidirectional waves with frequencies lying in the range 0.3 Hz ≤ f ≤ 3 Hz. The wave generation systems includes active absorption via a force feed-back loop so that the paddles both generate waves and remove any reflected wave components. At the opposite end of the flume, the wave energy was dissipated on a 1 in 20 sloping beach. With additional passive absorption provided by large blocks of polyether foam located in the vicinity of the SWL, the reflection coefficient was observed to be less than 4% across a broad range of wave forms (see below).
Within the wave flume, the test column (D = 115 mm) was mounted 18 m downstream of the wave paddles. This location avoided any contamination from evanescent wave modes generated close to the wave paddles and allowed sufficient time for data sampling before any (small) wave components reflected from the downstream beach arrived at the measuring location. This location also benefited from a window in the side of the wave flume, allowing the still photographs and high-speed video discussed later.
In undertaking the present tests, it was also important to avoid potential contamination from the side walls. This specifically concerned the reflection of any wave components scattered in the transverse direction or at 90 • to the incident waves. In the discussion that follows, it is shown that these components are very small. Nevertheless, to avoid potential difficulties, the sampled data were always taken from the leading waves within the regular wave train, with due account taken for the initial transient effects. The success of this procedure was further established by making direct comparisons between the scattering observed in successive wave cycles and by comparisons to a separate set of measurements undertaken within a directional wave basin, where the side walls were far removed from the column (more than 10 m). Both comparisons confirm no significant side wall effects.
(b) Instrumentation
Much of the data presented within this paper concern measurements of the water surface elevation. These were achieved using surface-piercing resistance waves gauges, located at a fixed spatial position, for a given test run. With appropriate calibration, the output from each gauge provides a time-history of the water surface elevation, η(t), with an accuracy of ±0.5 mm. By multiplexing the input voltage sent to individual gauges all cross-talk was eliminated, allowing the gauges to be located in very close proximity ( x = 12 mm at laboratory scale). Throughout the test programme, data from individual gauges were sampled at 100 Hz and checks made to ensure that the layout of wave gauges caused no disturbance of the incident wavefield.
(c) Test conditions
At the outset of the experimental study, the nature of any nonlinear wave-scattering was uncertain. Accordingly, the wide range of 14 test cases outlined in table 1 was considered. Cases 1-5 correspond to linear regular waves, with wave periods in the range 0.6 s ≤ T ≤ 1.4 s. Cases 6-10 also correspond to regular waves, lying within the same period range, but with increased wave heights (H); the steepness of the waves being defined by 1/2Hk ≈ 0.2, where k is the wavenumber or 2π/λ and λ the wavelength. By contrast, Cases 11-14 are focused wave events produced by the summation of wave crests. Cases 11 and 13 correspond to narrow-banded wave groups based upon 30 wave components with periods lying in the range 0.8 s ≤ T ≤ 1.2 s; while cases 12 and 14 were more broad-banded with 67 components lying in the range 0.6 s ≤ T ≤ 1.4 s. In test cases 11 and 12, the linear input amplitude sum is defined by A = a n = 10 mm, where a n is the amplitude of the nth frequency component. groups in which there is no nonlinear evolution of the wave spectrum and the surface elevation merely corresponds to the linear sum of the generated wave components. By contrast, in test cases 13 and 14, the input amplitude sum, A, was increased until a large wave event close to its breaking limit was obtained at the location of the column. In these cases, the wave groups are characterized by very steep wave profiles; the underlying spectra having undergone the local and rapid nonlinear evolution discussed by Gibson & Swan [16] . Further information concerning the description of these wave groups is given in Baldock et al. [17] and Johannessen & Swan [18] . In all cases, the process of obtaining the required wave event at the location of the column was as outlined by Swan et al. [19] . In §4, much of the data analysis is based upon the regular wave cases (test cases 1-10 in table 1). However, the physical interpretation and practical implications are equally appropriate to all wave events, including the focused waves investigated in test cases 11-14. A separate study dealing with a wide range of focused and random waves is presently on-going and will be reported in a separate follow-up paper.
(d) Measuring programme
The purpose of the present tests was to measure the time-history of the water surface elevation, η(t), at a large number of spatial locations both with and without the column present; the difference between the two describing the scattered wavefield. Defining a polar coordinate grid (r, θ ) in which r = 0 corresponds to the column centre, wave gauges were positioned in the region 63.5 mm ≤ r ≤ 555.5 mm with a spacing of r = 12 mm. Within an inner domain, D/2 < r ≤ 195.5 mm, an angular resolution of θ = 10 • was adopted; while further from the column (r > 195.5 mm) a resolution of θ = 5 • was employed. In total, surface elevation data were recorded at more than 1400 spatial locations; a schematic of the layout being provided in figure 1 . In considering this figure, it is important to stress that the measuring locations do not correspond to positions where the water surface elevation, η(t), was sampled simultaneously. Rather, they represent positions where, after many repeated runs, the time-history of the water surface elevations, η(r, θ , t), could be defined.
Since data were required both with and without the column in place, more than 250 repeat runs were required for each wave case. The validity of this approach relies heavily on the repeatability of the generated wavefield. Extensive testing confirmed that this was extremely good; the maximum errors (differences) between two successive runs lying within the measuring accuracy of the wave gauge (±0.5 mm). In the steepest most nonlinear cases, this corresponds to less than 1.0% of the incident wave height or 3% of the maximum scattered wave height.
In addition to the measurements noted above, data were also required on the surface of the column. To achieve this, a second (identically sized) column was constructed with 10 wave gauges (table 1) and presents time-histories of the water surface-elevation, η(t), recorded approximately 1 diameter (D) upstream of column centreline (r = 100 mm, θ = π ). In each case, comparisons are made between data recorded with (η w ) and without (η wo ) the column in place and the difference between the two, η = η w − η wo ; the latter defining the scattered wavefield. The wave steepness associated with these waves is very small (1/2Hk < 0.05) ensuring that they are (at most) only very weakly nonlinear. Nevertheless, there is clear evidence of high-frequency wave scattering. This is both surprising and significant. First, given the relative size of the column (table 1) linear diffraction will not be significant. Second, accepting that most rigorous descriptions of wave diffraction are based upon perturbation expansions, typically involving the wave steepness, ak [7, 8] , high-frequency wave scattering, occurring at multiples of the incident wave frequency, must be nonlinear. As a result, it should not occur in cases involving linear incident waves. The data presented in figure 2 are at odds with these arguments, suggesting that other mechanisms may be responsible for the high-frequency wave scattering. Figure 3 provides a similar sequence of data relating to three nonlinear regular wave trains (cases 7, 8 and 10 in table 1) having the same incident wave periods (T = 0.8 s, 1.0 s and 1.4 s respectively). Comparisons between the linear and nonlinear incident waves (figures 2 and 3) confirm that while the general pattern of the scattered wavefield remains consistent, the amplitude of the scattered waves is clearly dependent upon the incident wave steepness. Indeed, in the nonlinear wave cases (figure 3) the crest elevations recorded upstream of the column are more than 20% larger than those recorded in the absence of the column. Furthermore, the presence of high-frequency waves, occurring in (or near) the troughs of the incident waves, is also clearly established.
In considering these results, it is relevant to note that Chaplin et al. [20] and Huseby & Grue [21] have considered, among others, the higher harmonic loads experienced by a surface-piercing column. While consideration of the nonlinear loads is beyond the scope of this study, there is a striking similarity between the scattered wavefield noted above (and further explained below) and the earlier reports of high-frequency loading. Most importantly, neither can be predicted by classical (low-order) diffraction solutions and, comparisons between the records, suggest that their physical origins are closely related.
(b) Flow visualization: test case 8
To clarify the nature of the scattered wavefield aluminium dust, with an average particle diameter of 4 µm, was sprinkled on the water surface in the vicinity of the column. With the water surface illuminated from above, the dust created a highly reflective surface on which any wave forms, both incident and scattered, could readily be identified. Figure 4 provides images taken from a high-speed digital camera. The time increment between successive images is t = 0.08 s; the six images corresponding to approximately T/2. The orientation of the images is such that the incident waves advance vertically downwards from the top of each image; the dashed white line superimposed on some of the images indicating the relative position of the incident wave crest or trough. The images in figure 4 identify two distinct scattered wavefields. The first, hereafter referred to as Type-1, corresponds to a concentric wavefield. With the arrival of a wave crest, water is driven up the front face of the column. When this washes back down, it creates a disturbance on the water surface that radiates outwards, primarily in the upstream direction. Half a wave period later, the negative fluid velocities associated with the wave trough create a similar effect on the back face of the column (albeit of reduced magnitude) and a second Type-1 wave is scattered in the downstream direction. In a regular wave train, this process is repeated with two Type-1 waves, one from the upstream face and one from the downstream face, scattered in each incident wave cycle. The second scattered wavefield, hereafter referred to as Type-2, is associated with the motion of water around the surface of the column. As a wave crest approaches, the local disturbance due to the presence of the column causes increased water surface elevations on the surface of the column. Part of this is associated with the run-up and wash-down and leads to Type-1 wave scattering. However, a second part sees the increased elevations driven around both sides of the column, merging to form a notable mound of water on the back face of the column immediately following the passage of the wave crest. These disturbances pass through one another and continue propagating round the surface of the column; the attachment of the fluid to the column being due (in part) to the Coanda effect.
At this stage of the process, the two disturbances (one moving clockwise and the other anticlockwise around the column) are propagating in the opposite direction to the waves. Since this occurs in the vicinity of the wave crest, the moving disturbances are subject to adverse waveinduced velocities. This causes the symmetric pattern of disturbances to be steepened and for the tail of these disturbances to begin moving away from the surface of the column in a spiral fashion. As the incident waves advance, the counter rotating disturbances are subject to favourable waveinduced fluid velocities, negative with respect to the direction of wave propagation. At a phase close to the arrival of the incident wave trough, the disturbances are swept away from the column to produce a pair of symmetric, but non-concentric, wavefronts. These develop rapidly and eventually merge along the centreline of the wave flume.
In considering these Type-2 waves, two important points arise. First, laboratory observations confirm that over a wide range of wave conditions (table 1) the amplitude of each symmetric Type-2 wave is larger than the corresponding Type-1 wave. Furthermore, the Type-2 contribution to the increased surface elevations arising immediately upstream of the column becomes even larger because it involves the merging of two adjacent Type-2 waves ( figure 4e,f ) . Second, the time taken for these disturbances to move around the column is largely dependent upon the size of the column and not the characteristics of the incident waves. As a result, the phasing of the incident wave cycle at which Type-2 wave scattering occurs is dependent upon both the column diameter and the incident wave period. The introduction of this additional time-scale, describing the time taken for the fluid to move around the column, explains why existing diffraction solutions, based upon a harmonic analysis of the incident wave, cannot describe the Type-2 scattered waves.
Type-2 waves are also scattered in the downstream direction. This occurs half a wave cycle later and involves the scattering of smaller waves. The explanation for this is twofold. First, the disturbance caused by the passage of a wave trough is less than that associated with a wave crest. Second, Type-2 waves scattered in the downstream direction do not have the opportunity to interact with subsequent wave crests or, if they do, the interactions occur at some distance from the column and both wave forms (incident and scattered) are propagating in the same direction. In such cases, the nonlinear wave-wave interactions are much reduced; the importance of these interactions being emphasized in the following sections.
(c) Flow around the column
With the Type-2 scattered wavefield being dependent upon the propagation of fluid around the column, figures 5 and 6 concern images and data recorded on the surface of the column. Figure 5 provides four images taken from the side with phase angles corresponding to: (a) the arrival of an incident wave crest, Φ = 0, (b) a zero down-crossing, Φ = π/2, (c) a wave trough, Φ = π and (d) a zero up-crossing, Φ = 3π/2. To complement these data, figure 6 describes the disturbed water surface elevation, η = η w − η wo , on the surface of the column, r = D/2, at the same four phases of the wave cycle. With the arrival of an incident wave crest (figures 5a and 6a), the increased elevations on the front face of the column (θ = π ) are, as expected, readily observed. In addition, the build-up of water on the back face of the column (θ = 0) is also clearly noted. Whether this is entirely driven by the earlier flow around the column and the extent to which it is augmented by the process of flow separation and the development of a low pressure wake is an important point; one which hints at the possible importance of viscous effects. With the passage of the wave crest, the mound of water at the rear stagnation point moves back around the column, in both a clockwise and an anti-clockwise direction, towards the front face. As this process begins, the disturbances become steeper due to their interaction with the positive wave-induced velocities occurring between the wave crest and the zero downcrossing. Evidence of this is provided in figures 5b and 6b; the arrows indicating the direction in which the disturbances are propagating. This movement of fluid continues, the two disturbances merging on the front face of the column at around the time the incident wave trough arises (figures 5c and 6c). At this phase of the wave cycle (Φ = π ), the incident fluid velocities are negative, opposite to the direction of wave propagation. As a result, wave run-up would be expected on the back face of the column. While this is clearly present (figures 5c and 6c), the movement of fluid around the column produces larger elevations on the front face. This is contrary to expectations and clearly contributes to the scattering of Type-2 waves. However, the accumulated evidence suggests that the fluid closest to the surface of the column remains there and, with the approach of the next incident wave crest, is driven back around the column (figures 5d and 6d), contributing to the mound of water on the back face of the column with the arrival of the next incident wave crest (figures 5a and 6a). In regular waves, this movement of fluid around the column becomes repetitive; the fluid moving from front to back (or vice versa) every half wave cycle.
Previous work, notably Retzler et al. [22] , has identified related fluid motions around the circumference of a column undergoing forced oscillations in an otherwise stagnant water body. However, this earlier work did not link the movement of fluid around the column to the scattering of a non-concentric wavefield. Furthermore, existing models describing the fluid motion produced by an oscillating cylinder [23, 24] are unable to account for this re-circulating flow. (d) Wave scattering in the upstream, transverse and downstream directions Figure 7 presents the surface elevation data as contours within the space-time domain; the vertical axis defining the radial location, r, and the horizontal axis the time, t. This allows the surface elevation data to be presented in a condensed form: a vertical slice defining a spatial representation, η(r), at a given instant in time, t, and a horizontal slice a timehistory, η(t), at a given spatial location, r. Three specific radii are presented corresponding to the upstream direction (θ = π ), the transverse or perpendicular direction (θ = π/2), and the downstream direction (θ = 0). In each case, contours are presented describing (i) the water surface elevations recorded in the absence of the column η wo and (ii) the scattered wavefield defined by η = η w − η wo ; the former being included to identify the phasing of the incident waves at which key scattering events occur. Figure 7a ,b concerns the upstream radii corresponding to θ = π . In figure 7a , the orientation of the η wo contours is consistent with the incident waves moving towards the column, ∂r/∂t < 0. By contrast, the contours of η in figure 7b define the scattered waves moving away from the column, ∂r/∂t > 0, in the upstream direction. At t = 33.2s, corresponding to the arrival of an incident wave crest, large run-up occurs on the front face of the column and a Type-1 wave propagates in the upstream direction ( figure 7b ). Approximately T/2 later, at t = 33.7s, a large mass of water again arises on the upstream face and propagates outwards in the form of Type-2 waves (figure 7b). In this case, the arrival time of the incident crest is independent of the radial location so the contours of η wo (figure 7c) are aligned with the vertical axis. In figure 7d , there is no evidence of Type-1 scattering, as expected, but Type-2 waves are observed twice in each wave cycle. However, the amplitudes of these waves are significantly smaller than those occurring in the upstream direction (figure 7b). Figure 7e ,f concerns the downstream direction, θ = 0; the contours of both η wo and η describing waves propagating in the downstream direction, ∂r/∂t > 0. Both Type-1 and Type-2 waves are apparent, but the amplitudes of both are reduced relative to those arising in the upstream direction (figure 7b). This is consistent with the reduced run-up on the back face of the column (figure 6c) and the smaller volume of the water driven around the column from the upstream to the downstream face (figure 6d).
Although the data and images presented above hint at a link between the Type-2 scattered waves and the circulation of fluid around the column, this is yet to be fully established. This is an important link because some of the motions close to the column may represent evanescent modes that, by definition, cannot contribute to the scattering of freely propagating waves. To investigate this further, figure 8 presents a second space-time, or θ − t, contour plot of η = η w − η wo on the surface of the column, r = D/2. In this case, a vertical slice defines a time-history of η for a given value of θ on r = D/2. By contrast, a horizontal slice defines a spatial description η(θ) on r = D/2 for a chosen value of t. Within this figure, the movement of a disturbance around the surface of the column is most easily identified by the closely packed contours corresponding to large spatial gradients. The position of this disturbance and its direction of travel is indicated in figure 8 by the black arrows.
For comparative purposes, the time of the Type-2 wave scattering is also indicated in figure 8 using the dot-dashed line. This was determined by taking each angular orientation in turn, 0 • ≤ θ ≤ 180 • with θ = 10 • , and plotting contours of η similar to those presented in figure 7b ,d,f. In each case, the Type-2 waves were identified and a line providing a best fit to their evolution in (r, t) space, for a given θ , was extrapolated back to the surface of the column (r = D/2) to identify the time at which they first arose. These points are represented by the black dots in figure 8 which are linked by the dashed line. The comparisons provided in figure 8 show that the origin of the Type-2 scattered waves on the surface of the column are closely aligned with the movement of fluid around the column. While this does not prove a direct association, it certainly suggests the two processes are closely linked.
Wave steepness, wave-wave interactions and practical implications
Several important features of the flows described above are dependent upon the steepness of the incident waves and/or the occurrence of nonlinear wave-wave interactions. For example, Type-1 waves arise due to wave run-up which is largely determined by the steepness of the incident waves [25] . Likewise, steeper waves produce larger near-surface kinematics, hence stronger circulations about the column and larger Type-2 waves. Furthermore, when the mound of water on the backface of the column (figure 6a) begins to move back around the column (figure 6b), marking the beginning of the Type-2 wave scattering, the interaction between the tangentially propagating disturbance and the positive velocities associated with the incident wave lead to a significant steepening of the former, perhaps even wave breaking. This, in turn, leads to large Type-2 waves and, in part, explains why the waves scattered in the upstream direction are larger than those scattered downstream. Having argued that the interactions between the scattered and incident waves are important close to the surface of the column, it should also be considered if they are important elsewhere, particularly in respect of the next incident wave. Observations close to the column suggest that while the Type-2 waves are largest, their amplitude is small; η ≤ 10 mm at laboratory-scale. If it is assumed that the present tests were undertaken at a model-scale of 1 : 100 (giving sensible full-scale conditions involving a column diameter of D ≈ 10 m and an incident wave period of T ≈ 10 s) the increased crest elevation due to the scattered wavefield would be approximately 1 m. While this is potentially significant for wave-in-deck loading, it is insufficient to explain the practical problems identified in §1. However, if the scattered high-frequency waves have the potential to interact nonlinearly with the next incident wave crest, a classical long-waveshort-wave interaction [26] arises in which shorter scattered waves are modulated on the crest of the longer incident waves. If the wave conditions are steep, Longuet-Higgins [27] showed that the shorter waves can become as much as eight times higher on the crest of the longer incident waves.
In considering these interactions, the Type-1 waves are unaffected. The explanation for this lies in the phasing of the wave components. The scattering of Type-1 waves occurs at, or close to, the arrival of an incident wave crest, allowing these waves a full wave period to propagate outwards before they interact with the next incident wave crest. In propagating away from the column, their amplitude reduces and with it the significance of any nonlinear wave-wave interaction. By contrast, the Type-2 waves are scattered in the vicinity of an incident wave trough and hence interact more rapidly with the next incident wave crest. As a result, large increases in the maximum crest elevation can arise relatively close to the column. Figure 9 provides evidence of this effect. Figure 9a gives a still image showing two adjacent Type-2 waves, generated from opposite sides of the column, converging on the upstream radius θ = π and interacting with the next incident wave crest. The resulting increase in the water surface elevation is quantified in the contour plot of η given in figure 9b . The large nonlinear increase in the water surface elevation corresponds directly to the Type-2 wave denoted by the asterisk (*) in figure 7b. In this event, the strength of the nonlinear wave interactions is such that the scattered waves are effectively brought to rest on the crest of the larger incident wave. In such cases, the convergence of fluid, from multiple directions towards a single location, can cause water to be projected vertically upwards in the form of a free jet. In a practical context, such events are likely to cause vertical impacts on the underside of an over-hanging deck structure.
Wave impact loading is not simply a problem on the underside of the deck structure. Indeed, it occurs most commonly on the column (or columns) supporting the topside structure. Assuming the column face is vertical, the occurrence of wave impacts require a near-vertical water surface, implying a breaking (perhaps over-turning) wave event. If the water surface is steep, but not sufficiently steep, the impact will be replaced by very large run-up velocities. Although recent research [28] has shown that large incident sea states will be steeper than is commonly predicted, with a higher than expected occurrence of wave breaking, this alone is not sufficient to explain the occurrence of wave impacts on the columns of some offshore structures. Indeed, both field observation and extensive model testing have shown that columns that are large, but not so large that they lie in the linear diffractions regime, are particularly susceptible to both wave impacts and large run-up velocities. The explanation for this lies in the Type-2 scattered waves and their nonlinear interaction with the next incident waves. It has already been shown that this can produce substantial increases in the maximum water surface elevation at locations upstream of the column. However, if the next incident wave is slightly higher and steeper, the highfrequency scattered waves will first be brought to rest (figure 7b) and then swept backwards onto the structure. Evidence of this is provided in figure 10 which again shows a contour plot of η = η w − η wo on the r-t plane for θ = π . In this case, the the column (∂r/∂t > 0), but is then swept back (∂r/∂t < 0), producing very large water surface elevations on the column face (at t ≈ 40 s). Interestingly, with η(t) recorded at a large number of spatial positions (figure 1), the maximum surface gradient or wave slope can be determined, both with and without the column in place. In the absence of the column, (∂η/∂x) max = 0.5 while in the presence of the column this increases to (∂η/∂x) max = 1.2. This local steepening of the wave profile explains both the increased occurrence of the wave impacts and the development of very large run-up velocities. In this latter regard, Roos et al. [29] investigate a four-column GBS and reported (full-scale) run-up velocities in excess of 27 m s −1 ; the key point being that these velocities are substantially larger than the incident velocities occurring high in the wave crest and must therefore have arisen due to some nonlinear amplification. The extent to which this amplification is dependent upon the present nonlinear wave scattering or the interaction with wave modes trapped between the legs of the structure remains unclear and is the subject of on-going research.
Concluding remarks
This paper has highlighted the importance of nonlinear wave scattering from a vertical surfacepiercing column. It has linked the origins of the high-frequency scattering to the circulation of fluid about the column and has shown that the nonlinear interaction with the next incident waves can produce large increases in the maximum crest elevation. In addition, large local increases in the wave slope can account for the higher than expected occurrence of wave impacts on the columns and the development of very large run-up velocities; the latter producing vertical loads at the column-deck connection. Although this paper has focused on vertical columns, on-going studies suggest that related high-frequency wave scattering may also be relevant to turret-moored vessels and a densely packed array of conductors supported within a slender jacket structure. In these cases, important aspects of the applied loads cannot be explained on the basis of the incident wavefield, despite falling outside the classical diffraction regime.
